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Romero, Parker Sudderth, and Sean Tomkins

ABSTRACT
This project is sponsored by JCATI (Joint Center for Aerospace Technology Innovation) to
research and manufacture a machine to recycle strips of carbon fiber from retired aircraft wings.
The drive train powering the crushing wheels was not delivering enough power into the crushing
wheels to completely delaminate the strips of carbon fiber. Another issue experienced was the
spur gears transferring power between crushing shafts failed.
This issue was first approached by analyzing the gear reduction ratio powering the crushing
wheels. Then the next analysis was performed to find the amount of torque required to
delaminate the carbon fiber. The minimum delamination of the carbon fiber was calculated to be
2114 lb-ft. Once this was complete it was realized the gear reduction ratio needed to be
increased in order to output more torque into the crushing wheels. The gear reduction ratio was
accommodated by increasing the gear reduction ratio from 2000 lb-ft to 2500 lb-ft. The failing
spur gears were re-analyzed using a spur gear analysis. The previous set of spur gears were
analyzed with a diametral pitch of 8 with 64 teeth on the gear. The new set of gears were
redesigned with a diametral pitch of 5 with 40 teeth on the gear.
The increase of the gear reduction ratio allows for the crushing wheels to achieve 2500 lb-ft of
torque, achieving complete delamination of the carbon fiber strips. The decrease of diametral
pitch from 8 to 5 allows the spur gears transfer power without part failure.
Keywords: drive train, delaminate, crushing wheel, gear reduction
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1. INTRODUCTION

a. Description
JCATI is a system of machines to process and recycle strips of carbon fiber originating from
decommissioned aircraft wings. This process begins by taking the carbon fiber strips and
delaminating them through placing the strips into the crushing wheel to delaminate strip. After
the delaminating process the strip is then fed into the shredder where the delaminated
material is broken down into small chips. With the material at a smaller state, it is then
conveyed into an oven. At this point the oven will heat up the broken-up material to a
desirable temperature to evaporate any resin within the broken-up material. After the carbon
fiber has undergone its cycle, the carbon fiber will be ready to be repurposed into new
material.

b. Motivation
This project was motivated by the need to improve upon the already existing JCATI system. The
current drive train system lacks the crushing power to delaminate the carbon fiber strips to
100%. Therefore, the current drive train system will need to operate with more power
transferred to the crushing wheels.

c. Function Statement
The function of this project is to improve upon the drive train system providing additional
torque to the crushing wheels.

d. Requirements
The drive train system must complete the following requirements:
• The power output of the drive train must be capable of transferring 2500 ft-lb to
crushing wheels.
• The gears and sprocket will provide the proper drive train ratio.
• Must stay in alignment with existing system flow.
• Must be able to perform at 100% operation.
• Must be able to operate at a minimum feed rate of 1 foot per minute.
• Must be able to continuously feed carbon fiber strips without ceasing.

e. Engineering Merit
JCATI is primarily a social benefit as it takes strips of carbon fiber from the wings of
decommissioned aircrafts and allows it to be recycled and repurposed for new and different
materials. Instead of adding more into the dumps. This project will incorporate methods from
statics, mechanics, and mechanical design. Statics will help determine the proper sized shafts
needed to support the system. Then Mechanics in materials will help in the process of
calculating the amount of torque translated from the electric motor into the shafts for the
crushing wheels. Mechanical design will help calculate the proper sized sprockets or gears used
to translate the proper amount of torque required. These will help design and calculate the
necessary information to construct a drive train system in compliance with the requirements.
These methods will be critical in order to complete the project in an educated manner.
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f. Scope of Effort
The current scope of effort for this project involves the re-design and construction of the drive
train system to provide more torque into the crushing wheels.

g. Success Criteria
Success is the drive train to crush the material.
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2. DESIGN & ANALYSIS
a. Approach: Proposed Solution
The current problem focused on in the JCATI carbon fiber recycler is the drive train. The drive
train currently outputs an estimated 2000 lb-ft of torque into the crushing wheels. The current
design of the drive train is constructed with a set of sprocket gears turning the shaft powering
the crushing wheels. As shown in the in the decision matrix (Appendix F), there is no difference
in deciding which design to move forward with.

b. Design Description
The current design to accommodate this problem of not having enough torque powering the
crushing wheels is to increase the gear ratios. The gear ratios would directly impact the torque
transferred and the rpm of the crushing wheels.

c. Benchmark
A benchmark that can be referenced for similar calculations and other material can be from the
previous designs of the drive train and crushing wheels. The previous designs displayed one
with gears in directed contact with each other. Another design displays a drive train based
around two sprocket gears connected by a chain.

d. Performance Predictions
Assume there is no loss from chain or gear power transfer. Assuming there is no loss there
should be a minimum torque of 2500 lb-ft displayed in the crushing wheels. The crushing
wheels should also accommodate a rpm of 1 foot per minute.

e. Description of Analysis
The different types of analysis that will be performed will be mechanics of materials, statics,
and mechanical design. There would be an analysis of the torsional stress generated in the
shafts of the crushing wheels. There would be an analysis of the gear ratio required to help
meet the 2500 lb-ft of torque. Torque equations will also be utilized for their relation to rpm.

f. Scope of Testing and Evaluation
The scope of testing and evaluation of the will be done by checking if the updated system
meets the requirements. The requirements would require testing of the crushing wheels if they
can complete their job of delaminating the carbon fiber strips. Another test would be using the
relationship of rpm to calculate the amount of torque displayed when under stress of crushing
the carbon fiber strips and when not under stress of crushing the carbon fiber strips.
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g. Analysis
i.

Analysis 1 (Appendix A-1) is to calculate the maximum amount of torque
produced when the motor is operating at 100%. Using the equation T=63000 P /
n, where T = torque (lb-in), P=hp (hp = 550 ft-lb/s), and n = rotational speed
(rpm). This equation can be found in Mott chapter 3, equation 3-6.

ii.

Analysis 2 (Appendix A-2) Gear Reduction Ratio, Sprocket is to calculate the
appropriate gear ratio to provide 2500 lb – ft into the crushing wheels. This was
achieved using relationships with Mott’s equations for Torque-Power-rpm and
train value.

iii.

Analysis 3 (Appendix A-3) Torque output was calculated at the end of each gearbox
at max output. The first gearbox has a ratio of 20/1. While the motor is at a max
output of 5 hp @1750 rpm, the output of gearbox 1 is 300 lb – ft. The second
gearbox has a ratio of 15/1. While the motor is at max output, the output of gearbox
2 is 4500 lb – ft. The max torque output at the crushing wheel was calculated to
12600 lb – ft.

iv.

Analysis 4 (Appendix A-4) The max tension generated in the chain was calculated to
be 74118 lbs. This was accomplished by calculating the moment at the edge of each
sprocket. With this calculation, the chain will need to accommodate a proper factor
of safety.

v.

Analysis 5 (Appendix A-5) The design power, center distance of the sprocket gears,
and the chain length were calculated to gather necessary information for assembly.
The design power was calculated with a service factor of 1.5. This was obtained with
the given information of being an electric motor undergoing heavy shock. The
design power was calculated to be 7.5 horsepower. The center distance was
measured from the existing assembly to be 8.5 inches or 6.8 pitches. The chain
length was calculated to be 40.2 inches or 3.35 feet. This is the minimum length of
chain required for these sprocket gears and their current orientation.

vi.

Analysis 6 (Appendix A-6) The shear in the pin was calculated to check if the pins
would be able to sustain max amount of tension calculated from analysis 4. The pins
on the roller chain are in double shear. With this information max shear calculated
in the pin was 127 ksi.

vii.

Analysis 7 (Appendix A-7) The shear force to delaminate the carbon fiber strip was
calculated to give a value key for Analysis 8. The given information of 12500 psi of
yielding stress was obtained from Matweb.com for an adequate stress value for
delamination.
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viii.

Analysis 8 (Appendix A-8) The torque required to rotate the crushing wheels was
calculated to be 2114 lb-ft. This calculation confirms the improvement of 2500 ft-lb
in torque is adequate for the delamination of the carbon fiber strips.

ix.

Analysis 9 (Appendix A-9) The spur gear analysis performed on a provided spur gear
analysis spreadsheet. The analysis was done with a diametral pitch of 5 and number
of teeth of 40 to keep pitch diameter and center distance the same. This
information was done to keep the diameter and center distance the same as current
shaft setup. This analysis was based off the previous analysis of the spur gears. The
analysis calculated a bending stress of 172 ksi and a pitting stress of 109 ksi. Using
figure 9-19 in Mott, the minimum Brinell Hardness level will approximately be 230.
Using this information one possible material spec can be specified as SAE 1340 OQT
700. SAE 1340 OQT 700 has a yield strength of 197 ksi and a Brinell Hardness of 444.
(Pringle needs to think on issue with analysis)

x.

Analysis 10 (Appendix A-10) This analysis was to calculate the actual needed
horsepower required to delaminate the carbon fiber strips. The actual needed
horsepower was calculated to be 1 horsepower to delaminate the carbon fiber. This
information will help in the spur gear analysis from analysis 9.

xi.

Analysis 11 (Appendix A-11) This analysis was to calculated the material required for
the keystock to be manufactured with. This was assuming the keystock was 2 inches
in length and fit in the standard size keyway in the gears. This analysis was
performed for a .313 inch square keyway. It was calculated that only a select
materials would have the yield strength capable of handing the torque listed in the
Mechanical Design text book.

xii.

Analysis 12 (Appendix A-12) This analysis was to calculated the material required for
the keystock to be manufactured with. This was assuming the keystock was 2 inches
in length and fit the standard keyway in the gears. This analysis was performed for a
.5 inch square keyway in the gears. It was calculated that a large variety of carbon
steel and steel alloy materials would have the yield strength capable of handling the
torque listed in the Mechanical Design text book.

h. Device: Parts, Shapes, and Conformation
The drive train system currently uses 2 worm gear gearbox reducers in series with a sprocket
and chain to turn the crushing wheels. The current sprocket ratio would increase from 1/1
reduction ratio to a 3/1 reduction ratio to accommodate the requirement for 2500 lb-ft of
torque.
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i. Device Assembly
The device assembly will place a large sprocket on the output shaft of the second gearbox. The
sprocket will be connected to the bottom crusher wheel shaft by a heavy chain. The chain will
be strong enough to transfer power.

j. Technical Risk Analysis
Technical risks involved could be imposing more stress onto the spur gears driving power into
the crushing wheel shafts. This will be analyzed by improving upon the diametral pitch of the
spur gears. Another technical risk from the changed sprockets not being able to operate on its
current standing.

k. Failure Mode Analysis
Analysis of potential failure points will be accommodated with a minimum factor of safety. An
example of failure mode from the current drive train setup was from the spur gears failing from
the brittle cast iron getting overloaded with pinion stress. Another failure mode analysis could
come from the 3:1 sprocket with one of the sprockets not being able to handle the load.

l. Operation Limits and Safety
Operational limits will be applied to not exceed 2500 lb-ft. This will limit unnecessary wear and
tear on any of the moving parts. A safety system that can be implemented into the design
would be to apply a minimum design safety factor of 2. This would prevent any failures that
could happen prematurely. Another safety system could be implemented is a proper chain
cover. This cover would prevent any foreign objects from entering the system. The cover
would also prevent any debris shooting out and causing injury. Another risk involved with this
design would be moving parts including the chains, gears, and shafts. A solution to avoid risks
would be to manufacture a case to contain and block any un-necessary contact.

3. METHODS & CONSTRUCTION
a. Methods
The project was conceived, analyzed, and designed at CWU. Most parts that are implemented
into this project will be purchase parts from an outside party. Other parts that are
implemented into the project will be machined and welded. These other parts will be using the
machine shops resources to complete. For example, the mounting bracket of the 50-chain
tension sprocket will be built using some machining processes then mounted using welds.
i. Process Decisions
The majority of parts implemented in this project are purchase parts. There are few
aspects of the project that have a major process attached. One of the few parts required to
manufacture is the tensioner arm bracket. There are a couple ways of manufacturing this part.
The first way would be to mill out the required holes for mounting the tensioner and then weld
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a second piece along the top to complete the part. The second way of manufacturing the part is
to mill out the required holes on the plate and then mount the other piece by drilling and
mounting screws to complete the bracket. Using a design matrix with design 1 being the
welding method and design 2 being the drill-tap method a decision could be concluded with
design 1. (Appendix F - Methods Matrix 1)
The 50-chain tension sprocket will require a mounting bracket to fixate it onto the
intended chain. This bracket requires a small steel plate to be mounted with the tensioner arm
onto it. Then this bracket needs to be mounted securely onto the table. There are a couple
options that can be speculated for securing the bracket onto the table. The first option would
be to weld the bracket onto the table. Welding would provide a secure and permanent mount.
This is good design as the welds would make the bracket immovable from vibration. The
second method would be to use bolts to mount the bracket onto the table. This method would
be more difficult as there will be a need to drill through the table to make the secure
connection. However, this would also mean it would require maintenance unlike the weld
when undergone constant vibration from the use of the machine. The matrix is show with
design 1 being the weld mounting and design 2 being the bolt mounting. (Appendix F –
Methods Matrix 2)
The spur gear analysis of the spur gears transferring torque from one crushing wheel to its
mate. The results of the analysis will determine an appropriate material needed to supply its
safety factor. A minimum material that would meet the requirement of the spur gear analysis
is, SAE 1340 OQT 700. In terms of manufacturing, cast iron will be the cheapest material used
as it easily able to be poured into a mass-produced item. Even though a gear produced with a
specific material like SAE 1340 OQT 700 would be a perfect material for the gear, but would
cost much more expensive to be manufactured. For this decision matrix the design 1 is the cast
iron material and design 2 is the steel alloy material. (Appendix F – Methods Matrix 3)
There was an issue with allocating the custom spur gears (MRD-55-009) within the
budget allocated for the project. From multiple sources the parts were quoted for $3000+ for 4
gears. This issue was then decided to purchase a minimum of 2 spur gears that best fit the spur
gear analysis. Once the gears arrive, they will then be modified to fit the design specified.

b. Construction
i. Description
Construction will have a few different phases. The first phase of the construction is to
disassemble the current drive train. This process will be removing the sprocket chain, sprocket
gears, and spur gears from the assembly. Some of these parts may be repurposed later on in
the project. Once the first phase is complete, the second phase of preparing the parts for
assembly can begin. This phase of preparing the parts for assembly is important as it is
necessary to make sure all the parts are in stock. The third phase is to assemble the gears onto
the crushing wheel shafts and output of gearbox.
In the third phase of assembly, there should be an order in which the gears are
assembled onto the shafts. The first gears to be mounted in place on the shafts will be the spur
gears (MRD-55-009) that drives equal torque into the crushing wheel shafts. Once the spur
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gears are in place, the 26-tooth sprocket (MRD-55-003) can be mounted into place. Once all
these gears are in place, their set screws can be tightened and the chain can be mounted.
ii. Drawing Tree, Drawing ID’s
The drawing tree has a main assembly titled JCATI Carbon Fiber Recycler with 3 subassemblies. These sub-assemblies were labeled as Oven, Crusher/Shredder, and Drive Train.
These are the main sub-assemblies currently in progress. Under the sub-assembly of the Drive
Train, there are 4 different subsections; Chain, Gear/Sprocket, Gearbox, and Tensioner. The full
Drawing Tree can be found in Appendix B1. The order of assembly for these different
subsections would be as follows: 1) Tensioner, 2) Gearbox, 3) Gear/Sprocket, and 4) Chain. The
Tensioner subsection would be assembled first as it is not dependent on any other subsection
being assembled first. The Gearbox subsection was already assembled and did not need any
modification. The Gear/Sprocket subsection would be assembled next as the assembly was not
only based on the purchase of parts and modification of said parts, but also is dependent on the
subassembly of Crusher/Shredder. The Chain subsection would be assembled last as it is
required for the chain to be mounted after the assembly of the Gear/Sprocket subsection.
iii. Parts
The Chain grouping contains two parts illustrating the shape and patter in which the
chain will be linking to itself. The first Part is the ANSI 100 heavy duty chain (MRD-55-004) that
will be used to transfer power between sprockets. The second part is the Connecting Link. The
Connecting Link (MRD-55-005) is the part that will finish attaching the chain to the sprockets.
All of these parts will be purchase parts and should require no modification.
The Gear/Sprocket grouping contains the current set of sprockets (MRD-55-001), the
new adjusted sprockets, and the spur gears. The new adjusted sprockets are a 9-tooth sprocket
(MRD-55-002) and a 26-tooth sprocket (MRD-55-003) that will make the required train value to
produce 2500 ft-lb of torque. The spur gears (MRD-55-009) are the gears meant to transfer
equal power into the crusher wheel shafts. All of these parts will be purchase parts and should
require no modification.
The Gearbox grouping contains a gearbox part (MRD-55-006), an input shaft (MRD-20001), and an output shaft (MRD-20-002). These parts are to display the last gearbox leading up
to the sprocket and how they are attached. Since these parts are already existing and will be
used in the process, they had minimal analysis done. These parts are purchase parts; however,
the shafts may be in need of modification.
The Tensioner grouping contained a tensioner arm (MRD-55-008), a sprocket (MRD-55007), and a L bracket (MRD-20-003) for mounting. The tensioner arm and sprocket are
purchase parts and will require no modification. The L bracket will be required to be
manufactured. The process decided was to mill out the hole required for mounting the
tensioner to the bracket and then weld the rest of it together.
iv. Manufacturing Issues
Some potential risks with manufacturing would be training and machine availability. For
example, manufacturing the L bracket for the tensioner will require welding and machining.
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With the welding process, there is a lack of experience as it benefits to have some when
welding. There is a chance a weld performed by someone inexperience can make decent welds
but, it is not guaranteed. When machining the rest of the holes on the L bracket, there is risk of
not having any machine available to work on. This can delay the project and make it last longer
than expected.
v. Discussion of Assembly
During the assembly of the drive train there will be a few steps to follow. The First step
in assembling of the drive train is to mount all of the spur gears and sprocket gears onto their
respective shafts. The 9 sprocket gear (MRD-55-002) will be mounted on the output shaft of
the last gearbox. The 26 sprocket gear (MRD-55-003) will be mounted on the input shaft of the
crushing wheels. The 14 sprocket gear (MRD-55-001) will be mounted on each set of crushing
wheel shaft. Once the sprocket gears are in place the ANSI 100 chain (MRD-55-004) will be
wrapped around and linked together with an ANSI 100 chain link (MRD-55-005). Then a set of
custom spur gears (MRD-55-009) will be mounted on each crushing wheel shaft to transfer
power between each set of shafts. The majority of these parts are purchase parts and should
have no variability in the manufacturing.
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4. TESTING
a. Introduction
Testing for the system will have to look into the requirements for the project. A few of
the requirements are not measurable, so they will be dismissed. The requirements that will be
tested for is the machine will perform the intended task, output 2500 ft-lb of torque, and
running the machine at 100%.
During the manufacturing process, no other testing processes were developed.

b. Method/Approach
Once the machine is assembled and checked everything is in place and no loose items,
the machine is ready to test. Testing if the machine will perform its intended task will be tested
by putting a strip of carbon fiber through the machine and successfully delaminate the carbon
fiber. Testing if the output shaft is 2500 ft-lb of torque is being displayed can be measured by
counting the rpm of the shaft. The last test can be performed through turning the electric
motor on to its highest setting of 5 hp @ 1750 rpm.
The approach for testing the backlash of the spur gears transferring power between
shafts is by loosely aligning the shafts together that are still mounted firmly to the housing and
then adjusted by pressing the bearing blocks till the backlash reads the proper amount on the
dial indicator.

c. Test Process
The testing process of testing the intended task performance will be performed once
the assembly is checked, properly tightened, and appropriately lubricated. Once this is
complete, the motor can be turned on and a piece of carbon fiber can be inserted into the
crushing wheels. If the crushing wheels can delaminate the carbon fiber strip, then the test
passed.
The testing process for testing the output torque will be performed once the assembly is
checked, properly tightened, and appropriately lubricated. Once this is completed, the setup for
the test can start. For the test of the output shaft, rpm will have to be measured on the output
shaft. When this data is collected it can be put in the proper equation relating rpm to torque.
If the calculated value is within a tolerance of the calculated torque, then the test will pass.
The testing process of testing the max performance will be performed once the
assembly is checked, properly tightened, and appropriately lubricated. Once this is completed,
the motor can be turned on. This test will not have any material fed through as it is a test of
component performance. Once the motor is turned on and set at 5 hp @ 1750 rpm, observe
the machine. If the machine is functioning without any malfunction, then the test is a pass.
The testing process of testing the backlash of the spur gears on each set of crushing
wheel shafts was performed to verify these spur gears maintain the proper amount of contact.
This test should only be performed when the machine is off. To get the most accurate results a
dial indicator was used to get readings in increments of .0005 inches.
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d. Deliverables
The testing of the performance of the intended task will be given in a “pass or fail”
format. Alongside the “pass or fail” test will be notes of how the task performed. (i.e., The test
of the assembly passed but looked to be sluggish…)
The testing of the output torque will be a calculated value within a predetermined
tolerance of “pass or fail.” This will determine the efficiency of the drive train if there is any
loss. If there is more than predicted, calculations will be reviewed.
The testing of the max performance requirement will be given in the “pass or fail”
format. Alongside the “pass or fail” test will be notes of how the task performed. (i.e., The test
of the assembly passed but a few pieces ended misaligned.)
The testing of the carbon fiber recycler to operate with a minimum feed rate of 1 foot
per minute is a measurable test. The requirement states the crusher wheels will operate with a
minimum feed rate of 1 foot per minute. The calculated results were shown the motor must
operate at 388 rpm to provide a 1 foot per minute feed rate in the crushing wheel shaft. During
testing the motor was set to 403 rpm and has a calculated feed rate of 1.038 feet per minute.
The measured value of feed rate is 1.022 feet per minute at 403 rpm in the motor. In the case
of the measured feed rate was lower than the calculated value, the source of error could be
assumed to be observed from the slack in the chain. Some issues that were experienced during
the testing were developed from use of other team members performing their tests on the
recycler. During the process modifications were made as the backlash of gears increased to
unsafe levels and testing was postponed for to repair the recycler to continue. Once all the
modifications were made the testing was continued.
The second test performed on the drive train is measuring the backlash of the two sets
of spur gears that transfer power between crushing wheel shafts. Then a precise dial indicator
was used to measure the backlash in increments of .0005 inches. Once this dial indicator was
mounted properly, a wooden block was chucked in the bottom gear to measure backlash
properly. When everything was correctly set, the backlash can be measured. The backlash for
the 40 tooth gears measured .005 inches with a recommended max backlash of .01 inches. The
backlash for the 64 tooth gears measured .0035 inches with a recommended max backlash of
.008 inches. The test results listed are the most recent test results as the gears need to be
realigned due to the testing of carbon fiber strips being fed into the system for another test.
The backlash was realigned and the bearing blocks were secured down. Once these
modifications were done, the backlash was measured again.
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5. BUDGET
The cost of this project has yet to be determined. This project will consist of many parts
required to be of high quality and strength. Most of the parts in this project will be purchased.
The sales tax and shipping fee have yet to be determined. The plan for this project is to
determine what can be improved up and how to execute the improvements. The schedule up
until is making new calculations on higher requirement for torque output. Once the planning
phase is complete, parts can be ordered and manufactured.

a. Parts
The majority of parts for this project will be purchased online and shipped. The online
orders will include sprockets, roller chain, and adding/connecting link. These will be purchased
from McMaster-Carr and Grainger Supply. There is an issue with ordering custom spur gear
purchased with required specifications within budget.
The overall cost of the project was slightly over the budget of $1000. The end cost of
parts ended being $1019 from the $1000 given budget. This was due to the flux of part prices
over the ordering period.

b. Outsourcing
There is no outsourcing for processes at this time.

c. Labor
The labor involved will be to assemble parts in their respective order on the assembly.
Any other labor involved has yet to be determined through necessity.
The estimated labor was on budget for the majority of each process. One item that was
over budget was the modification process of the parts. Part 55-009 had to be modified as
expected however, the modification process took longer than expected. The 55-009 part
modified into the 20-004 part was expected to take 2 hours however, it took 7 hours to
completely modify the gears.

d. Estimated Total Project Cost
The Parts currently listed cost $582.45. This does not include sales tax or shipping. The
shipping prices for McMaster Carr and Grainger Supply will vary depending on the order size.
The current sales tax for Washington state is 6.5%. After the addition of the sales tax, the total
comes to $620.28.

e. Funding Source
The Funding source of the project is supported by the Joint Center for Aerospace
Technology Innovation (JCATI). JCATI currently has yet to provide a grant for the current year’s
team. The previous year had received a grant of $5000 for 4 team members with an even
distribution of funds. This year’s grant may have a proportional amount for 5 team members or
a static amount leaving each team member with $1000. However, this budget may be flexible if
one team member did not use a portion of their budget.

17

6. Schedule
a. Design
The Gantt chart provided for this project has 7 different sections: Proposal, Analysis,
Documentation, Part Construction, Device Construction, Device Evaluation, and Deliverables.
The Proposal, Analysis, and documentation sections will be included in the design portion of the
schedule. Keeping the items in these sections on schedule is important as to not fall behind
schedule. A good way of preventing from falling behind schedule is to give more time than
thought necessary. If this were to fail, then more time can be added onto the estimation. For
the proposal section, there was estimated time of 4 hours added onto each section with
exception to the analysis drawing subsections. This was thought to be a generous estimation as
the subsections did not go beyond 4 hours. There was only an exception as the analysis and
drawing subsections would be added onto as time went on into the fall quarter. The Analysis
section followed the same estimation of giving it a necessary additional amount of time. The
Analysis section as a minimum requirement of 12 analyses. These 12 analyses are produced
throughout the fall quarter.

b. Construction
Construction in this project should be given a more than generous amount of extra time.
As this is a relatively new project to be dealing with, there is little to no past experience to work
off of. The major aspects of the construction will consist of removing existing parts, construct
any parts necessary for project, replace parts with new purchase parts, and make necessary
modifications. The first phase in construction is to order the purchase parts and material
required for the project. The second phase would be to disassemble the project and set aside
any previously used parts. The third phase will be to construct and modify any parts required
for the assembly. The fourth phase will be to assemble the project.
For section 4a with the part construction of 20-003 was complete on schedule and
assembled to the table within the predicted time of 5 hours. The only issue with this part was
the shipping of materials for the part. This part was to be constructed using ¼ inch steel CNC
plasma cut to the necessary size. There was a slight scheduling conflict as other students
require the assistance of the welding expert Bo. The estimated time placed in the ghantt chart
was 5 hour and the actual time it took to complete the part and its assembly was 4 hours. This
meaning the construction was completed ahead of time.
Section 4b is the modification section allocated for the necessary modifications needed
to be made during the quarter. As it currently stands there is an estimated 12 hours and actual
2 hours recorded up to date. It is currently ahead of schedule however, there is still
modifications needing to be made in the future. There are currently no issues involved with this
subsection.
Section 4c is still under construction as it already has 1 hour work put into its
construction. However, it is still estimated to be completed ahead of time or on time with the
estimate of 2 hours. The only issues involved with this parts construction is the scheduling
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conflicts with other students as there was only one tool available at a time and the tool in
question being purchased late into the quarter.
Section 5a Disassembly was to disassemble the old JCATI project in preparation for old
parts to be reused and modified. This section was given an estimate of 2 hours and was
competed with an actual time of 1 hour. There were no scheduling issues involved with this
section as it was completed with relative ease.
Section 5b Part Preparation was given a large, estimated completion time of 17 hours.
Its currently standing at an actual time of 2 hours with more time to come. This section is made
for, and preparation required for construction and assembly. There are currently no issues with
scheduling in this section.
Section 5c Assembly, was given an estimated 10 hours to complete. It currently stands
at 2 hours of actual time. This time was made from the assembly of the tensioner bracket being
welded to the table with the tensioner arm and sprocket bolted on. The only issues involved
with the assembly process is determinate on the JCATI teammate in constructing and
assembling the crushing wheel shafts as most of the parts are to be mounted onto the shafts.

c. Testing
Testing in this project will be given an adequate amount of time to perform the
necessary testing of the project. The testing will revolve around the requirements stated in the
proposal. Only a couple of the requirements will require to perform a test. The rest of the
testing can be a quick statement.
A few issues during the testing process were coordinating with other teammates to
perform tests on the machine. If one of the tests required the machine to be turned on, then
you would have to work around the schedule of Professor Pringle who has the key to turn the
machine on. Another test issue was when one test resulted with the backlash of the spur gears
to increase, the testing had to stop immediately.
During testing there were a few changes made to accommodate any issues that kept
arising. With the issue of the backlash increasing with the insertion of carbon fiber material, a
few modifications needed to be made. The first modification done was inserting roll pins into
the bearing blocks to keep the position of the bearing blocks static. When this modification was
not able to keep up with the testing, this modification was redone. The additional modification
was to re-pin the bearing blocks and then weld steep bars across the tops and bottoms of the
bearing blocks. This helped immensely as it kept the bearing blocks in place. To accommodate
the issue with other tests effecting tests requiring precise measurement, was to prioritize the
order of testing. This way one precise test can be performed and then the second lest precise
test could be performed.
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7. Project Management
The risks involved with managing this project can stem from human resources, physical
resources, soft resources, and financial resources. Any of these risks come with consequences
that would delay the project. If you do not have access to physical or soft resources, the
project will be delayed till the resources are acquired. Some resources are limited like the
human resources or financial resources. These are limited based on the total amount of
experience your expert has or the funds that are available to the project. All of these resources
have their own risks involved.

a. Human Resources
Human resources involved in this project would be the mentor Professor Pringle. The
associated risks with this mentor are their availability.

b. Physical Resources
Physical resources that can be utilized in this project are tools and machines available in
the CWU machine lab. The associated risks with this are the open lab time schedule. The
machine lab would be utilized to make modifications for specific parts.

c. Soft Resources
Soft resources that will be utilized in this project are Microsoft Word, Microsoft Excel,
and 3-D Solidworks. The risks for these will be minimal. This is reasoned as these programs can
be downloaded on personal computers other than the provided lab computers.

d. Financial Resources
The project sponsor for this is the JCATI organization. They will provide a set grant for
the project that will provide funding for any materials or parts. If the project were to go
overbudget for cost of parts, then there will be a decision as to what is parts are prioritized and
left for later. If the opportunity arrives for a revision of the budget to allow for a larger budget.
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8. DISCUSSION
a. Design
Designing the new gear ratio came with a couple obstacles. With the increase in of
torque required for the crushing wheels, the first obstacle was to increase the gear ratio of the
sprocket from the last gear box to the first crushing wheel shaft. With this increase of sprocket
ratio, the amount of torque in the spur gears need to be adjusted.
There was already an issue with the current spur gears failing due to the amount of
torque transferring between shafts. This was approached by increasing the Diametral pitch of
the spur gears.
Another design that was given late into the quarter was to design a bracket to mount a
tension sprocket onto. This tension sprocket is to keep the 50-chain connecting the electric
motor to the first gearbox in tension and alignment. The sprocket needs be rigid and also hold
the chain in tension with 10 lbs of force.

b. Construction
Starting the winter quarter all the parts needed to be purchased. The majority of the
purchase parts were able to be purchased with relative ease. The only part that had difficulty
of being purchased was the custom spur gear part (MRD-55-009). This part was meant to
replace the original set of spur gears to with a larger tooth size. The first quote was obtained
through the company previously purchased from. However, due to the fact this spur gear was
quoted to have a specific bore size, square keyway size, and set screws; the quotes given were
drastically out of the price range. Another company had similar quotes and decided this route
was not doable. To alleviate this problem, it was decided to purchase gears that was the correct
size and perform all the necessary modifications on the gears for it to properly fit in the
assembly. Due to the size of the gear and the advisory of Professor Pringle on the method to
modify and expand the bore diameter of the spur gear it was decided to utilize the CNC lathe.
With the CNC lathe there was a lack of experience on how it is operated however, Professor
Pringle was able to help guide the operation of the machine. There was an issue as the chuck
the gear was mounted into was a adjust-tru 3 jaw chuck. No one had the experience with
calibrating the chuck to adjust the total runoff measured was at most .0005 inches. However,
due to the timing of this decision the gears had arrived very late into the quarter. There is also
an issue with the proper tooling being available to modify the custom spur gears to
specification. Due to the fact of the tool being ordered in the last week of the quarter, these
gears are not yet ready to assemble. These parts will optimistically be done before the end of
the winter quarter.
The assembly was prepared by disassembling the components off the current JCATI
assembly. This step was quick to do as the gears needed to be taken off to be either replaced
or modified. Due to the fact of reaching the limit of the allotted budget, only half the custom
spur gears were to be purchased so a pair of the old spur gears are to be utilized to save on the
budget. There were a few other items like keys and sprocket gears that were reused from the
previous assembly. The spur gears from the previous assembly did not require any new

21

modifications as the shafts that these gears were using will be reused as well. The keyways will
also be able to be reused as well as the shafts were no replaced.
During the construction phase of this project, there was one large manufacturing piece.
This piece was the L-bracket that allows the tensioner arm and sprocket to be mounted firmly
to the table. This piece utilized material that was leftover from another JCATI part
manufacturing. This part utilized a CNC plasma cutter to cut out the shape and hole locations
on the part with emphasis on the accuracy of the hole locations. Once the pieces were cut out
of the leftover material, they were welded together at a 90 degree angle to form the part
(MRD-20-003). When the piece was complete and clean, the tensioner arm was fastened
together using 3 steel bolts. Since the bracket was going to be welded to the table, the welding
surface was prepared by taking a handheld grinding wheel to clean off all the painted surfaces.
Once the surface was clean and bare metal, it was then welded firmly into place. The bracket
currently sticks out further than planned as it was a last minute decision to adjust tensioner
arm to extend out further than planned. During the process of mounting the bracket to the
table, the table could not be moved due to the electrical components being directly wired onto
the table with no easy way of relocating the table easily.

c. Testing
The first test performed on the crusher drive train system. This test was to verify the
output rpm being delivered to the primary crushing wheel shaft. This test was performed by
timing the revolutions per minute to verify the crushing wheels were rotating at a minimum 1
foot per minute. During these tests other team members were performing other tests
simultaneously. One of the simultaneous tests performed was feeding carbon fiber into the
system. This test showed the bearing blocks to not be properly secure and allowed the spur
gears to drift apart. This should not be allowed as the further the gears drift apart, the less
stress can be allowed on the gears and would cause the teeth to shear off. This issue was
mitigated by drilling and adding roll pins into the bearing blocks to firmly secure the bearing
blocks to the housing. This issue discovered was quickly identified during the testing process.
The second test performed on the crusher drive train system was measure and verify
the backlash of the spur gears on crushing wheel shafts were within their recommended
tolerances. This was performed by using a dial indicator to measure the displacement of when
the teeth come in contact with next tooth. This test utilized a dial indicator that can measure in
increments of .0005 inches. Since there are two different diametral pitched gear sets on the
crushing wheel shafts, there are two different recommended backlash tolerances. For the
gears with a diametral pitch of 5, its backlash was measured to be .005 inches, and its
recommended backlash was .010 inches. For the gears with a diametral pitch of 8, its backlash
was measured to be .0035 inches, and its recommended backlash was .008 inches. Performing
this test is required to show the backlash is within tolerance that way the gear teeth has as
much engagement to withstand their maximum stress. If the gears were not in tolerance, there
would be a chance of the gear teeth shearing or chipping off. The only issue with maintaining
the backlash is keeping the backlash as the system is in use, crushing the carbon fiber strips.
The current solution is to pin each bearing block to the housing and then weld steel bars across
the tops and bottoms of the bearing blocks to maintain the backlash. This issue was still
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relevant from the previous test as to keep the gears in alignment and furthered explained from
this last issue.
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9. CONCLUSION
The design for the JACATI Crusher Drive Train system was analyzed and designed to
meet new requirements allowing the JCATI Crusher Drive Train system to have an improved
performance of 2500 lb-ft of torque. Analyses were completed to determine a replacement
train ratio to achieve the newly required torque output. The majority of parts used in the
design of this project are standard design purchase parts. The spur gears that transfer power to
each shaft will be custom ordered parts to compensate for the increased power output of 2500
ft-lb. All of the requirements were met, except for the requirement of to be able to
continuously feed carbon fiber strips without ceasing. It is recommended to increase the rpm of
the motor and replace the 50-chain with a v-belt system.
•
•
•
•
•
•

The power output of the drive train must be capable of transferring 2500 ft-lb to
crushing wheels.
The gears and sprocket will provide the proper drive train ratio.
Must stay in alignment with existing system flow.
Must be able to perform at 100% operation.
Must be able to operate at a minimum feed rate of 1 foot per minute.
Must be able to continuously feed carbon fiber strips without ceasing.
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APPENDIX A - Analysis
Appendix A-1 – Max Motor Torque
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Appendix A-2 – Gear Reduction Ratio, Sprocket
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Appendix A-3 – Gearbox, Torque, Output
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Appendix A-4 – Pulley Tension
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Appendix A-5 – Design Power, Chain Length, Center Distance
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Appendix A-6 – Shear Stress, Chain Pin
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Appendix A-7 – Carbon Fiber, Shear Force
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Appendix A-8 – Rotate Crushing Wheel, Torque
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Appendix A-9 – Analysis, Spur Gear
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Appendix A-10 – Needed, Horsepower
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Appendix A-11 – Square Key, .313 inches
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Appendix A-12 – Square Key way, .5 inches
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APPENDIX B - Drawings
Appendix B – Drawing Tree
JCATI Carbon Fiber
Recycler 10-000

Oven

Crusher/Shredder

Drive Train

MRD-10-001

Gearbox
MRD-55-006
MRD-20-001
MRD-20-002

Gear/Sprocket
Chain

Tensioner
MRD-55-001

MRD-55-004
MRD-55-005

MRD-55-007
MRD-55-008

MRD-20-003

MRD-55-002
MRD-55-003
MRD-55-009
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Appendix B – Assembly 10-000

41

Appendix B – Assembly 10-001

42

Appendix B – Input Shaft 20-001

43

Appendix B – Output Shaft 20-002

44

Appendix B – Tensioner L Bracket 20-003

45

Appendix B – Chain Sprocket 55-001

46

Appendix B – Chain Sprocket 55-002

47

Appendix B – Chain Sprocket 55-003

48

Appendix B – ANSI 100 Chain 55-004

49

Appendix B – Connecting link 55-005

50

Appendix B – Worm Gear Reducer 55-006

51

Appendix B –Tension Sprocket 55-007

52

Appendix B – Tensioner Arm 55-008

53

Appendix B – Spur Gear 55-009

54
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APPENDIX C – Parts List and Costs
Table C1. Parts List

Part
Numbe
r
55-001

Qt
y

55-002

1

55-003

1

55-004

6

55-005

1

55-006

2

55-007

1

55-008

1

55-009

2

2

Part
Descriptio
n
Steel 14
tooth
sprocket

Source

Model #

Cost

Dispositio
n

McMaster-Carr

2741T176

$136.73/1

2-4 weeks

Steel 9
tooth
sprocket
Steel 26
tooth
sprocket

McMaster-Carr

2741T156

$92.65

TRITAN Roller Chain
Sprocket: 26 Teeth Sprockets, 2 in Bore
Dia. - Sprockets, Single
Chain Rows 55VU85|100BS26 X 2 Grainger
McMaster-Carr

55VU85

$215.61

2-3
business
days
2-3
business
days

7265K7

$187.56/6f
t

2-3
business
days

McMaster-Carr

7265K725

$12.40

2-3
business
days

N/A

N/A

N/A

N/A

McMaster-Carr

6663K51

$45.00

McMaster-Carr

60225K1
2

$117.68

https://pmisupplies.co
m

NK40B

$291.02

2-3
business
days
2-3
business
days
1 week

Heavy
Duty ANSI
100 Roller
Chain
Connectin
g Link for
ANSI 100H
Heavy
Duty Roller
Chain
Worm
Gear
Reducer
Gearbox
Tensioner
Sprocket
gear
Tensioner
Arm
Custom
Spur Gear
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20-001

1

20-002

1

20-003

1

1.375”
diameter
input shaft
2”
diameter
output
shaft
Tensioner
mounting
brakcet

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Total

$1526.40
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APPENDIX D – Budget
Table D1. Project Budget.

Item
Parts

Qty
14

Labor

120

Tax

8.6%

Description
Purchase parts consist of
sprockets, chains, and linking
chain
Estimated hours of labor for
design, assembly, and any
modification at $25/hour wage.
The sales tax for Washington
State

Cost
$1019

$3000

$75.84
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APPENDIX E - Schedule

Fig E1. Project Gantt Chart page 1
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Figure E2. Project Gantt Chart page 2
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APPENDIX F – Expertise and Resources

Design Matrix

61

Methods Matrix 1

62

Methods Matrix 2

63

Methods Matrix 3
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APPENDIX G – Testing Report
Appendix G1 – RPM test
Introduction
This test is verifying the rpm output in the primary crushing wheel shaft. This test is to show the
current drive train can provide the minimum feed rate of 1 foot per minute in the crushing
wheel shaft.
Method/Approach
The approach to this test is to use the calculated rpm value on the motor that will give the
minimum requirement of 1 foot per minute. This will be done by setting the motor to the
specific rpm calculated. Once the motor is set the rpm will be observed visually with a
tachometer or timed and calculated.
Test Procedure
• Summary/Overview – This test will be measuring the rpm of the primary crushing wheel
shaft with its motor operating at 400 rpm. Then this speed will be compared with the
calculated value from the analysis.
• Specify time, duration – 30-60 minutes
• Place – Hoque 127
• Resources needed – recording device, digital tachometer, stopwatch, pencil, paper, and
tape
• Risk/Safety – Keep fingers away from chains and other pinch points. Keep any loose
clothing tucked away. If there are any emergencies hit the emergency stop button
located on the top of the control panel. Always wear safety glasses when operating the
machine.
• Specify actions to complete the test
o Step 1 – Place 1-2 inches of tape on the end of the primary input crushing wheel
shaft (first shaft connected to the gearbox) with good visibility.
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o Step 2 – Turn on electric motor 1 by switching on the breaker box to allow
power, make sure big red emergency stop button is pulled up, and use the dial
on the control panel on side of table to turn on. Then slowly reach 400 rpm on
the motor (control panel has readout of motor’s speed) In case of emergency or
any failures, promptly hit the big red emergency stop button.

o Step 3 – Use digital Tachometer on the primary input crushing wheel shaft by
holding it over the location of the tape on the shaft. Then record data (if
tachometer is not available do use stopwatch and time revolutions)

o Step 4 – Turn the motor off using the speed control dial on the control panel on
the side of the machine till all chains and gears are completely stopped
o Step 5 – Compare results with analysis calculations
• Discussion – This test was a simple measurement of rpm observed in the crushing wheel
shaft. The calculated rpm required for 1 foot per minute was 388 rpm. During the test
the rpm was increased from 388 rpm to 403 rpm due to others testing. The calculated
rate with a rpm of 403 is 1.038 feet per minute. The measured feed rate with a rpm of
403 is 0.998 feet per minute. It took
Deliverables
• Parameter values
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•

•
•

Measured feed rate @403 rpm (ft/min)
.998

Measured Feed Rate @418 rpm (ft/min)
1.039

Calculated values
Calculated Feed rate @403 rpm (ft/min)
1.038

Calculated Feed Rate @418 rpm (ft/min)
1.076

Success criteria values
o Obtain a feed rate value greater than 1 foot per minute.
Conclusion
o In conclusion, this test showed the gear train system to have some inefficiencies
with the system. This can be improved upon by replacing the chain driven
sprockets to direct translation with spur gears.

Appendix G1.1 – Procedure Checklist
1)
2)
3)
4)
5)

Recording device
Stopwatch (digital Tachometer optional)
Pencil
Paper
tape

Appendix G1.2 – Data Forms
Calculated Feed rate Measured feed rate @403 Calculated Feed Rate Measured Feed Rate
@403 rpm (ft/min)
rpm (ft/min)
@418 rpm (ft/min)
@418 rpm (ft/min)

Appendix G1.3 – Raw Data
Calculated Feed rate Measured feed rate @403 Calculated Feed Rate Measured Feed Rate
@403 rpm (ft/min)
rpm (ft/min)
@418 rpm (ft/min)
@418 rpm (ft/min)
1.038
.998
1.076
1.039
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Appendix G1.4 – Evaluation Sheet
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Appendix G1.5 – Schedule (Testing)

Appendix G2 – Backlash Test
Introduction
This test is to verify the backlash on the spur gears that transfer power between crushing wheel
shafts. This test is done to show that these spur gears have the proper amount of engagement
in the teeth to help minimize failure in the gear teeth.
Method/Approach
The approach to this test was to utilize a data table with recommended backlash values already
calculated and use them as a maximum value. Once these values were found, then the
backlash was measured using a dial indicator on the gear teeth. During measuring, the bottom
gear needs to be held in place using a wooden block so the backlash can be properly measured.
Test Procedure
• Summary/Overview – This test will be measuring the backlash on each set of spur gears
and then compared to their recommended values in table 8-5 from the Mott book.
• Specify time/Duration – 30-60 minutes
• Place – Hogue 127
• Resources Needed – pencil, paper, dial indicator, magnetic base, and wood block (2-3
inches in thickness)
• Risk/Safety – do not pinch fingers between gears. There are no other hazards during
this test as power will not be on.
• Specify Actions to complete Test
o Step 1 – Make sure the red button on control box is pressed down before
starting the test set up.
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o Step 2 – Take the dial indicator and magnetic base and place it on the housing
positioned along the teeth of the desired gear to be tested.

o Step 3 – Once the dial indicator is properly set, take your block of wood and
chuck up the bottom gear so it will not rotate.
o Step 4 – When this is all set you can move the top gear and measure the total
displacement the dial indicator reads and write down the results.
o Step 5 – Repeat steps 2-4 for the other set of spur gears.

Deliverables
• Parameter Values
Diametral Pitch
5
8

Measured Backlash (Inches)
.005
.0035
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•

•
•

Calculated Values
Diametral Pitch
5
8

Recommended Backlash (Inches)
.010
.008

Success Criteria Values – The success criteria of this test are measuring backlash values
less than the recommended backlash.
Conclusion – In conclusion, this test was a success as the backlash was measured to be
less than all the recommended backlash values.

Appendix G2.1 – Procedure Checklist
•
•
•
•
•

Pencil
Paper
Dial indicator
Magnetic base
Wood Block (2-3 inches in thickness)

Appendix G2.2 – Data Forms
Diametral Pitch
5
8

Recommended Backlash (inches)

Measured Backlash (Inches)

Appendix G2.3 – Raw Data
Diametral Pitch
5
8

Recommended Backlash (inches)
0.010
0.008

Measured Backlash (Inches)
0.005
0.0035
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Appendix G2.4 – Evaluation Sheet
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Appendix G2.5 – Schedule (Testing)

Appendix G3 – Torque Test
Introduction
This test is to verify the 2500 ft-lb of torque is adequate for crushing the carbon fiber strips.
Method/Approach
The approach of this test is to construct a lever arm with a clamp onto one of the crushing
wheel shafts and use it to turn the crushing wheels while loaded with a piece of carbon fiber.
On the end of the lever arm will be a fish scale that will measure the force to further crush the
shaft. Once these values are recorded, it can be confirm the torque needed to crush the carbon
fiber.
Test Procedure
• Summary/Overview – This test will be measuring the torque required to crush the
carbon fiber with a fish scale hooked onto the end of a lever arm clamped to the
crushing wheel shaft. These values will be then utilized in a summation of moments to
find the total moment on the shaft.
• Specify time/Duration – 30-60 minutes
• Place – Hogue 127
• Resources Needed – pencil, paper, Large Pipe Wrench, assorted pipes and rods to
assemble 18 ft, digital fish scale (200 lob max), bathroom scale, 25 ft tape measure.
• Risk/Safety – There are no other hazards during this test as power will not be on. Have
3 people on hand to assist with assembly and testing of lever arm.
• Specify Actions to complete Test
o Step 1 – Make sure the red button on control box is pressed down before
starting the test set up.
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o Step 2 – Layout and assemble the lever arm on the crushing wheel shaft. Make
sure to record their lengths and weights using a scale and tape measure.
o Step 3 – Once the lever arm assembled raise the lever arm as high as possible
and slowly lower the arm down.
o Step 4 – Repeat step 3 for 3 takes.
o Step 5 – If the arm crushes the carbon fiber with its own weight, then take off a
piece of the lever arm reducing its length and weight till it is able to support the
lever arm. Once complete repeat steps 2-4.
Deliverables
• Parameter Values
Trial
Total Length
(inches)
Initial 1
216
1
124.25
2
124.25
3
124.25

End Weight (lbs)
0
60
50
50.8

• Calculated Values
Trial
Total Torque (lb-in)
Initial 1
7436.5
1
10443.5
2
9201
3
933.4
•
•

Total Torque (lb-ft)
619.7
870.3
766.8
775

Success Criteria Values – The success criteria were to confirm the total torque placed
onto the lever arm would equal around the calculated value of 2114 lb-ft from analysis
8.
Conclusion – In conclusion, this test was not successful as the results were not remotely
near the calculated value of 2114 lb-ft to crush carbon fiber stated in analysis 8.
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Appendix G3.1 – Procedure Checklist
Appendix G3.2 – Data Forms
Trial

Total Length
(inches)

End Weight (lbs)

Total Torque (lb-in)

Total Torque (lb-ft)

Initial 1
1
2
3

Appendix G3.3 – Raw Data
Trial
Initial 1
1
2
3

Total Length
(inches)
216
124.25
124.25
124.25

End Weight (lbs)

Total Torque (lb-in)

Total Torque (lb-ft)

0
60
50
50.8

7436.5
10443.5
9201
933.4

619.7
870.3
766.8
775
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Appendix G3.4 – Evaluation Sheet
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Appendix G3.5 – Schedule (Testing)
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APPENDIX H – Resume
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